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ABSTRACT
Extended Lyman-alpha emission around galaxies and quasars at high redshift is now
commonly detected through stacking as well as surrounding individual galaxies. De-
spite the increasing samples and the extensive characterization through surface bright-
ness profiles, the physical origin of these Lyman-alpha halos (LAHs), as well as their
relationships to galaxies, quasars, circumgalactic gas, and other environmental factors
remains unclear. We present results from our new Lyman-alpha full radiative transfer
code voroILTIS which runs directly on the unstructured Voronoi tessellation of cos-
mological hydrodynamical simulations. We use TNG50, the highest resolution run of
the IllustrisTNG suite, and simulate LAHs from redshift z = 2 to z = 5, focusing on
star-forming galaxies with 8.0 < log10 (M?/M) < 10.5. We present the predictions for
the stacked radial surface brightness profiles of Lyα as a function of galaxy mass and
redshift. Comparison with data from the MUSE UDF at z > 3 reveals a promising
level of agreement. We measure the correlations of LAH size and central brightness
with galaxy properties, finding that at intermediate masses 8.5 ≤ log10 (M?/M) ≤ 9.5,
LAH sizes roughly double from z = 2 to z = 5. Finally, we decompose the profiles into
contributions from different sources, namely diffuse emission from recombinations and
de-excitations, and scattered photons from star-forming regions. In our simulations,
we find rescattered photons from star-forming regions to be the major source in ob-
served LAHs. Unexpectedly, we find that the flattening of LAH profiles at large radii
becomes dominated by photons originating from other nearby, more massive halos,
rather than diffuse emission itself.
Key words: galaxies: formation – galaxies: evolution – circumgalactic medium –
radiative transfer – methods: numerical
1 INTRODUCTION
The Lyman-α (Lyα) line of hydrogen at 121.567 nm is one
of the brightest emission lines in the Universe. It allows us
to detect, and trace the distribution of, galaxies even out to
very high redshifts z > 5. These Lyman-α emitters (LAEs;
Partridge & Peebles 1967) can be used to probe the physics
of galaxy formation (Finkelstein et al. 2009; Nagamine et al.
2010; Erb et al. 2014) as well as constrain cosmological pa-
? E-mail: cbyrohl@mpa-garching-mpg.de
rameters and large-scale structure (Hill et al. 2008; Adams
et al. 2011). Starting in the 80s, spatially extended Lyα
emission has been detected, often called Lyman-α blobs
(LABs) and Lyman-α nebulae with large extents between
∼ 10−100 pkpc (McCarthy et al. 1987; Heckman et al. 1991;
Steidel et al. 2000).
More recently, Lyman-α halos (LAHs) have been discov-
ered around star-forming galaies that show Lyα emission far
beyond the galaxies’ optical bodies, tracing the circumgalac-
tic rather than interstellar gas (e.g. Hayes et al. 2013). While
LAHs are fainter and smaller than LABs in their Lyα extent,
© 2020 The Authors
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they might be a generic feature around Lyα emitting galax-
ies. Modern surveys performed with integral field unit (IFU)
spectrographs on 10m-class telescopes, such as the Multi
Unit Spectroscopic Explorer (MUSE) and the Keck Cosmic
Web Imager (KCWI) have revealed hundreds of individually
extended Lyman-α halos at z & 2 (Wisotzki et al. 2016).
Many of these are specifically targeted samples which fo-
cus on bright quasars (Borisova et al. 2016; O’Sullivan et al.
2020; Cai et al. 2019; Guo et al. 2020), based on strong earlier
evidence of enhanced Lyα emission around AGN (Cantalupo
et al. 2014; Arrigoni Battaia et al. 2016; Farina et al. 2019;
Arrigoni Battaia et al. 2019). Others exploit the large field
of view of MUSE, in particular, to conduct blind surveys for
LAHs around more typical, generally star-forming galaxies
(Leclercq et al. 2017; Wisotzki et al. 2018; Leclercq et al.
2020). Narrow-band imaging can efficiently detect LAHs at
targeted redshifts (Hayashino et al. 2004; Steidel et al. 2011;
Matsuda et al. 2012; Feldmeier et al. 2013), and narrow-band
surveys enable ultra-deep, blind samples of LAHs around
distant galaxies (Momose et al. 2014, 2016; Kakuma et al.
2019). At the same time, follow-up with other instruments
such as ALMA reveals complementary views on other gas
phases within LAHs including CO (Emonts et al. 2019).
Beyond the circumgalactic medium (CGM), first at-
tempts have been made to detect cosmic web filaments in
Lyα emission (Gallego et al. 2018; Umehata et al. 2019;
Lusso et al. 2019), as well as to study the interface between
the IGM and CGM as gas flows feed galaxies (Martin et al.
2019). Finally, Lyα emission is also a powerful cosmologi-
cal tool. The Hobby-Eberly Telescope Dark Energy Experi-
ment (HETDEX) is an IFU survey which will detect up to
a million LAEs, as well as many extended LAHs, at more
moderate spatial and spectral resolution (Hill et al. 2008).
Despite extensive observational detection and charac-
terization, the physical properties and nature of Lyα ha-
los remains an open topic. It is unclear whether the ex-
tended profiles are mainly sourced by (i) diffuse emission
outside of central galaxies, or whether (ii) scatterings of
Lyα photons emitted from within central galaxies power ob-
served LAHs. Diffuse emission is commonly considered to
be sourced by gravitational cooling (Haiman et al. 2000;
Fardal et al. 2001; Faucher-Gigue`re et al. 2010) and fluo-
rescence (Gould & Weinberg 1996; Cantalupo et al. 2005;
Kollmeier et al. 2010; Mas-Ribas & Dijkstra 2016), while
star-formation and quasars can provide significant emission
within galaxies (Dijkstra et al. 2006; Zheng et al. 2011) that
can scatter with neutral hydrogen in the CGM. Emission
from orbiting satellite galaxies can also lead to extended
Lyα profiles (Mas-Ribas et al. 2017).
The difficulties in determining the powering source of
LAHs are closely linked to the resonant nature of Lyα pho-
tons that can scatter many times in astrophysical environ-
ments before escaping towards the observer. This causes
the observed frequency and angular position to significantly
change due to radiative transfer (RT). Only in the simple,
symmetric geometries, RT can be solved analytically (Har-
rington 1973; Neufeld 1990; Loeb & Rybicki 1999). Moving
to more realistic setups and in particular hydrodynamical
simulations, RT has to be solved numerically.
Recently our theoretical understanding of the Lyα emis-
sion around galaxies has been pushed forward with the devel-
opment of cosmological hydrodynamical simulations which
are able to produce broadly realistic galaxy populations (Vo-
gelsberger et al. 2014b,a; Genel et al. 2014; Schaye et al.
2015; Dubois et al. 2016; Pillepich et al. 2018b; Dave´ et al.
2019). Crucially, these simulations predict the full distribu-
tion of gas, including neutral hydrogen, in and around galax-
ies. This enables explicit RT calculations to solve for the
propagation and scattering of Lyα photons through the in-
terstellar, circumgalactic, and intergalactic media (Laursen
et al. 2009; Behrens et al. 2018). Due to the computational
expense, these calculations are done exclusively in post-
processing.
There have been various recent efforts to understand the
Lyα halos in emission by coupling RT with hydrodynamical
simulations (e.g. Lake et al. 2015; Smith et al. 2019; Ki-
mock et al. 2020). These works typically consider one, to
a few tens, of galaxies – rather than full cosmological vol-
umes – making it difficult to draw conclusions about the
environmental dependencies of LAHs. Notable exceptions
are Gronke & Bird (2017), who predicted LAH properties
from the Illustris simulation, and Zheng et al. (2011) who
predicted low surface brightness Lyα emission from a cos-
mological reionization simulation (z = 5.7), although with a
limited, ‘halo-scale’ hydrodynamical resolution ∼ 30 pkpc.
In these theoretical works the most important emis-
sion origin(s) and source(s) remain disputed. For example,
Lake et al. (2015) find good agreement for their set of 9
LAHs with mass 1011.5 M contrasted with data from Mo-
mose et al. (2014), stressing the importance of gravitational
cooling in the outer halo to explain the observed profiles,
while Gronke & Bird (2017) simulate Lyman-α nebulae with
masses 1011.5 − 1013.5 M and find the simulation can pro-
duce halos as large and luminous as those observed, only
using central emission from AGN and star-formation.
In this work we improve on several aspects of previ-
ous computational studies, revisiting the nature of Lyman-
α halos. Specifically, we couple the new, high-resolution
cosmological magnetohydrodynamical simulation TNG50
(Pillepich et al. 2019; Nelson et al. 2019b) of the Il-
lustrisTNG project to our new radiative transfer code
voroILTIS. The former provides a competitive combination
of volume (a statistically robust sample of ∼ 6, 800 galaxies
with M? > 107 M at z = 2) and resolution (∼ 100 parcsecs
in the ISM, < 1 kpc in the CGM). The latter includes several
Lyα emission models and a Monte Carlo treatment of the
scattering process directly on the full Voronoi tessellation of
the gas distribution of the entire simulation volume, enabling
a self-consistent treatment of IGM attenuation (Byrohl &
Gronke 2020). This enables us to statistically contrast the
simulation predictions to existing LAH observations, while
also probing questions regarding the dominant origins, emis-
sion sources and relevance of rescattering for the existence of
LAHs, and making future predictions in as of yet unobserved
regimes.
The structure of this paper is as follows. In Section 2,
we describe our radiative transfer code voroILTIS, the Lyα
emission model, and the analysis details of the underlying Il-
lustrisTNG simulations on which the radiative transfer code
is run. In Section 3 we present the results for the radial
profiles and related reduced quantities from our simulations
and a comparison to observational data. In Section 4 we dis-
cuss the radial profile shapes and reduced quantities in more
detail. We summarize our findings in Section 5.
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2 METHODS
2.1 IllustrisTNG and TNG50
We use the outcome of the IllustrisTNG simulations – both
the galaxy properties as well as gas distributions – as the
basis for our radiative transfer simulations of Lyman-α ha-
los. The IllustrisTNG simulations (hereafter, TNG; Pillepich
et al. 2018b; Naiman et al. 2018; Nelson et al. 2018a; Mari-
nacci et al. 2018; Springel et al. 2018) are a series of three
large-volume magnetohydrodynamical cosmological simula-
tions of galaxy formation. All are run with the AREPO code
(Springel 2010), which solves the coupled equations of self-
gravity and ideal, continuum magnetohydrodynamics (Pak-
mor et al. 2011) with a ‘moving mesh’ discretization based
on an unstructured Voronoi tessellation of space.
The TNG galaxy formation model (Weinberger et al.
2017; Pillepich et al. 2018a) is an evolution of the origi-
nal Illustris model (Vogelsberger et al. 2013; Torrey et al.
2014) and includes a number of important changes. All
TNG simulations include models for the physical processes
most important for galaxy formation: primordial and metal-
line gas cooling, heating from the metagalactic background
radiation field, star formation above a density threshold,
stellar population evolution and chemical enrichment fol-
lowing supernovae Ia, II, and AGB stars, and the seeding,
mergering, and growth via accretion of supermassive black
holes (SMBHs). With respect to the earlier Illustris model,
two critical updates have been made. First, the galactic-
scale winds launched by stellar feedback have been revised
(Pillepich et al. 2018a), which impacts the gas (and stellar)
contents of low mass galaxies in both their ISM and CGM.
Further, TNG includes a two-mode blackhole feedback oper-
ating in a thermal ‘quasar’ state at high accretion rates and
a kinetic ‘wind’ state at low accretion rates. The latter is a
new model for low-state SMBH feedback, in the form of a
time stochastic, directionally variable, high-velocity kinetic
wind (Weinberger et al. 2017).
The TNG model has been shown to produce galaxy
and circumgalactic medium properties in broad agreement
with available observational constraints. The properties of
the CGM have been compared in terms of their OVI col-
umn densities (Nelson et al. 2018b), gas contents (Pillepich
et al. 2018a; Terrazas et al. 2020), x-ray properties (Barnes
et al. 2018; Truong et al. 2020), outflows and dynamics (Nel-
son et al. 2019b), and MgII covering fractions (Nelson et al.
2020), but this is the first study of Lyman-α halos in TNG.
Of the three IllustrisTNG simulations, TNG50,
TNG100, and TNG300 (the latter are publicly released; Nel-
son et al. 2019a) we here exclusively use the highest resolu-
tion box TNG50 (Nelson et al. 2019b; Pillepich et al. 2019)
with a gas mass resolution of mbayron = 8.5 × 104 M and a
dark matter mass resolution of mDM = 4.5× 105 M which is
∼ 15 (∼ 120) times higher than TNG100 (TNG300). The cor-
responding spatial resolution of TNG50 is of order ∼physical
parsecs in the dense ISM, and this small-scale structure is
useful given the strong resolution dependence of Lyα radia-
tive transfer (Behrens et al. 2018).
TNG adopts a set of cosmological parameters consistent
with recent results by the Planck collaboration (Planck Col-
laboration et al. 2016), namely ΩΛ,0 = 0.6911, Ωm,0 = 0.3089,
Ωb,0 = 0.0486, σ8 = 0.8159, ns = 0.9667 and h = 0.6774.
2.2 voroILTIS
The Lyα radiative transfer is calculated with an updated
version of ILTIS1, a light-weight line emission transfer code
as presented in Behrens et al. (2019). ILTIS implements a
Monte Carlo approach, spawning single-wavelength photon
‘packages’ (representing a large number of actual photons)
at emission sites, and following their scattering as they tra-
verse the underlying gas distribution. For efficiency, at each
scattering event we output the attenuated luminosity con-
tributions along specified line-of-sights towards assumed ob-
servers (the ‘peeling-off’ algorithm; Whitney 2011).
We have developed a new version of the code,
voroILTIS, which runs directly on the unstructured mesh
of a Voronoi tessellation. As IllustrisTNG uses this geome-
try to represent the gas distribution during the simulation
and for the evolution of hydrodynamical quantities, no in-
termediate interpolation or re-sampling steps are required,
and the density field in the RT calculation is self-consistent
with the simulation. The mesh is re-created in postprocess-
ing with a parallelized wrapper to the Voronoi tessellation
code voro++ (Rycroft 2009). We then spawn photons for
each cell in the mesh according to the local emissivity, an
update which makes simulating diffuse emission feasible.
After emission, photons propagate through the simu-
lation domain, and across the periodic boundaries of the
box as appropriate. Given the amplitude of the Hubble
flow (several 100 km/s/Mpc) in the simulated redshift range
and typical gas velocities, photons are quickly shifted into
the far wings of the line profile where they have negligi-
ble cross-section. Therefore, we do not need to construct
light-cones and simply propagate all photons for the neces-
sary propagation length l of order ∼ 10 Mpc. Here, we chose
l = 28 cMpc/h. An upcoming methods paper will document
the code improvements used in the present work (Behrens
& Byrohl, in prep). A predecessor of ILTIS has also been
used in Behrens et al. (2018) and Byrohl et al. (2019) where
additional details are available.
2.3 Lyman-alpha radiative processes
Lyα photons are dominantly created by recombination of
ionized hydrogen atoms with electrons, and de-excitation
of excited neutral hydrogen. Different physical processes
can power their creation: For recombination, ionizing radi-
ation originates from star-forming regions as well as from
the meta-galactic ultraviolet background. For collisional de-
excitation, the thermal state of the gas provides the gas
heating mechanism. We refer to those processes to emis-
sion sources and in figures call them ‘SF’, ‘rec’, and ‘coll’,
respectively.
Within star-forming regions, the ionization of hydrogen
by young and massive stars followed by recombination dom-
inates the local Lyα emission. This luminosity within galax-
ies is thus proportional to the star-formation rate. The pro-
portionality factor depends on multiple factors such as the
escape fraction of ionizing flux from those regions and the
1 The public version of the ILTIS code is currently available at
github.com/cbehren/Iltis, where the Voronoi version will also
be released in the future.
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Figure 1. Lyα surface brightness map for the entire TNG50 cosmological simulation at z = 3, highlighting the large-scale structure of
the cosmic web as seen in Lyα emission. We impose a Gaussian point spread function (PSF) with a FWHM of 0.7 arcsec at a binning
resolution ∆res of 8.5 ckpc/h and project through a slice depth of 5.25 cMpc/h. The inset panels (no PSF, ∆res = 0.4 pkpc) show two
individual Lyman-α halos, on the scale of the halo virial radii, for moderate mass objects: M200 ' 5 · 1010 M and M200 ' 1.2 · 1011 M
(top and bottom, respectively). Lyα photons are predominantly emitted in the star-forming regions of the central galaxies, resonantly
scatter and illuminate the more extended gaseous halos, including filamentary inflows. The more massive halo (lower right) has a number
of star-forming satellites which also contribute Lyα emissivity and boost the local surface brightness.
stellar population age, metallicity, IMF, and so on (Furlan-
etto et al. 2005).
Here, we adopt a simple linear model for the Lyα lumi-
nosity density
SF = 1042
( ÛM?
Myr−1
)
erg/s
V?
(1)
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where ÛM? is the star-formation rate within a volume V?.
In addition, we model recombinations after ionization by a
spatially uniform background radiation field as implemented
in TNG50. We assume case-B recombination, resulting in an
emissivity
rec = frec(T) ne nHII α(T) ELyα (2)
where ne and nHII are the electron and ionized hydrogen
number densities, α(T) is the recombination coefficient, frec
is the recombination emission probability, and ELyα is the
Lyα transition energy. Note that α(T) and frec(T) are both
temperature dependent.
In addition to recombinations, the de-excitation of ex-
cited hydrogen atoms can lead to the emission of Lyα
sourced by collisional excitations depending on the gas ther-
mal state. The rate is proportional to the colliding species,
ne and nHI. The luminosity density is then
coll = γ1s2p(T) ne nHI ELyα . (3)
We take the collisional excitation coefficient γ1s2p(T) from
tabulated fits (Scholz et al. 1990; Scholz & Walters 1991).
For recombination and de-exciations, we spawn one
weighted photon package per Voronoi cell with the lumi-
nosity according to the models above. For star-formation,
we only spawn photons in Voronoi cells bound to a halo of
mass M200,crit > 1010 M. In TNG50 this results in a sam-
ple of ∼ 5000 to ∼ 13000 LAHs at redshifts z ∈ [2, 5]. We
confirmed that this photon count leads to a converged re-
sult (see Appendix A2). We refer to these photon packets
as ‘photons’ for brevity. Photons are always injected at the
Lyα line-center in the rest-frame of the emitting gas cells.
We have also explored different spectral emission distribu-
tion and generally find little impact – details are given in
Appendix A3.
For star-forming gas cells, where the TNG model in-
vokes a sub-grid effective equation of state model for the
two-phase ISM (Springel & Hernquist 2003), we only pro-
duce photons corresponding to SF-recombination (Eqn. 1),
and neglect both case-B recombination and de-excitation
emission (Eqns. 2 and 3) due to the equation of state.
In our model, we do not account for escaping ionizing
radiation that recombines outside of its emission region (”flu-
orescent radiation”), other than from the uniform UV back-
ground incorporated into TNG. A proper treatment would
require an additional step coupling the ionization state of
gas to local sources of ionizing flux. Specifically, this means
we neglect the radiation field from supermassive black holes.
As a result, in this paper we specifically study lower mass
halos where active galactic nuclei (AGN) are not expected
to play a dominant role. The role of AGN and Lyα halos
surrounding quasars will be studied in future work.
Finally, we also neglect any attenuation below the res-
olution scale of the simulation. That is, we assume a fixed
‘sub-grid escape fraction’ and constant stellar composition,
while in reality the small-scale dust and neutral hydrogen
structure could destroy and frequency shift Lyα photons,
altering the simple 1-to-1 relation adopted in Eqn 1. We
discuss the implications of this choice below, and show the
impact on small-scale frequency diffusion in the Appendix.
2.4 Post-processing and Observational Realism
The radiative transfer simulations provide us with large out-
puts of Monte Carlo photons. Each has a corresponding lu-
minosity, frequency, emission source (see Section 2.3), and
positions of initial emission and last scattering. We save two
distinct sets of photons:
• “intrinsic”: Lyα photons as directly emitted from gas
cells, neglecting any subsequent interactions with gas.
• “processed”: Lyα photons, emitted and propagated
through the surrounding gas. This includes scatterings, IGM
attenuation and potentially dust destruction.
Observed Lyα light corresponds to the ‘processed’ pho-
tons only. Comparing results for intrinsic and processed pho-
tons allows us to quantify the redistribution of photons since
their initial emission and the overall importance of Lyα RT
in our astrophysical setting.
In addition, we classify the emission origin of each pho-
ton according to four distinct categories:
• “central galaxy”: The photon originates in the central
subhalo (i.e., galaxy) of the targeted halo.
• “outer halo”: The photon originates within the tar-
geted halo, but outside of the central galaxy.
• “IGM”: The photon originates in a region not bound
to any halo.
• “other halo”: The photon originates from a region
bound to another halo (than the targeted).
The definition of those categories relies on the halo and sub-
halo catalogues provided by IllustrisTNG, where halos and
subhalos are defined via the Friends-of-Friends and Subfind
algorithm respectively (see Nelson et al. (2019a)).
First, we compute 2D surface brightness maps for all
galaxies centered on the host halo position, using a pixel size
of 0.8 pkpc. We include all scattered (i.e. processed) photons
irrespective of their origin, as would be seen observationally.
As a result these maps include emission from diffuse gas
around the halo and even emission from other nearby galax-
ies and halos. For the projection depth we include all scat-
tered photons reaching the observer from within ±100 pkpc
around the galaxy along the line of sight. By adopting this
simple prescription we effectively ignore Lyα frequency in-
formation (diffusion). Except for additional overlap in red-
shift space along the line of sight, this fiducial setup corre-
sponds to a frequency window ∆λ > 20 A˚, which is a suffi-
ciently large wavelength range to integrate across the Lyα
line, as would be done observationally to produce a surface
brightness map.
Unless otherwise stated, we always apply a Gaussian
point spread function (PSF) with a FWHM of 0.7 arcsec.
This PSF roughly corresponds to that of MUSE UDF data
we compare in the later part of the paper (see Section 3.2).
2.5 LAH Sample and Reduced Statistics
In our analysis we focus on halos with galaxy stellar masses
of 8.0 < log (M?/M) < 10.5. For those halos, one dimen-
sional radial profiles are computed by averaging the pixel
values for a given radial bin. We characterize these radial
LAH profiles with a number of ‘reduced statistics’: two mea-
surements of Lyman-α halo size, the half-light radius r1/2
MNRAS 000, 1–21 (2020)
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log10(Mh/M )=12.0
SFR=51.2 M /yr
log10(Mh/M )=11.8
SFR=44.3 M /yr
log10(Mh/M )=11.5
SFR=6.4 M /yr
log10(Mh/M )=11.1
SFR=2.2 M /yr
log10(Mh/M )=11.0
SFR=1.9 M /yr
log10(Mh/M )=10.7
SFR=0.4 M /yr
log10(Mh/M )=10.3
SFR=0.1 M /yr
log10(Mh/M )=10.4
SFR=0.1 M /yr
log10(Mh/M )=10.3
SFR=0.1 M /yr
processed
intrinsic
intrinsic, only SF
Figure 2. Two-dimensional Lyα surface brightness maps of nine Lyman-α halos at z = 3.0 in TNG50. The LAHs are ordered by their
star-formation rate in a mass range of roughly 1010-1012 M. Contours highlight the surface brightness value of 10−19 erg/s/cm2/arcsec2,
showing the final observable result (blue) contrasted against intrinsic photons (red) and intrinsic photons due only to star-formation
(yellow). We commonly find spatially extended intrinsic emission from star-formation in the most massive halos (log10 (Mh/M) ≥ 11.5),
while intrinsic emission from other sources is even more extended. The scattering of Lyα photons expands the extent of high surface
brightness features, particularly in the more massive halos. Here we adopt a pixel size of ∆res = 0.4 pkpc (no PSF).
and the exponential scale length r0, and the ‘central’ surface
brightness value SB0, which we take as the value of the sur-
face brightness map pixel(s) closest to the halo center, after
smoothing by the PSF.
The Lyα half-light radius r1/2 is computed from the one-
dimensional radial profile as the radius enclosing half of the
total surface brightness contained within 50 pkpc. Because
SB(r) does not vanish at large distances due to contributions
from other halos and diffuse gas, this measure depends on
this chosen outer radius.
We also fit the one-dimensional radial profile with a
single exponential SB(r) = SB0,fit exp(−r/r0) (as in Cai et al.
2019). The two parameters are the normalization SB0,fit and
the scale length r0. We fit the simulated profiles between 0.4
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and 2 arcsec, taking a finite lower limit to exclude the impact
of the PSF (as is common observationally; Wu et al. 2020)
and the upper limit where the profile commonly transitions
from an exponential to more flattened shape. Some observa-
tional studies fit a sum of two exponentials (Leclercq et al.
2017; Wu et al. 2020), but this method sets one exponential
scale length to that of the UV light, adding additional mod-
eling uncertainties which we avoid with the simpler size mea-
sure. For comparison with observations, we impose a simple
signal-to-noise criterion, considering only data points with
S/N ≥ 5. We derive the noise from a Gaussian standard de-
viation of 2 × 10−19 erg/s/cm2/arcsec2 per pixel of the 2D
SB maps. While definitions of LAH sizes vary, we impose the
same fitting routine to all compared simulated and observed
radial profiles for a fair comparison. Due to the variety of
radial shapes for individual LAH, the exponential function
can be a bad fit at times. We exclude such cases (<10%)
by imposing a maximum relative error of 10% for either fit
parameter as given from the estimated covariance matrix of
the least square fit. We commonly specify the scale length
of a given sample in the form of medianhighlow where ”low” and
”high” are the 16th and 84th percentile.
In this work we refer to comoving units with a pre-
ceding ‘c’, while physical units are explicitly preceded
by ‘p’. We always present surface brightness in units of
erg/s/cm2/arcsec2.
3 RESULTS
We begin in Figure 1 with a visual overview of Lyα emission
from a large cosmological region encompassing thousands of
individual emitters. Here we show the large-scale structure
of the entire TNG50 simulation at z = 3, with scattered Lyα
photons illuminating not only LAHs, but also the cosmic
web within which they reside. The zoom-in panels show two
individual LAHs and their substructure (i.e. satellite galax-
ies), on the scale of the halo virial radius, for moderate halo
masses of M200 ' 5×1010 M (top) and M200 ' 1.2×1011 M
(bottom), where Lyα photons are predominantly emitted at
the sites of star-formation in the central galaxy. These pho-
tons then resonantly scatter to illuminate extended gaseous
halos of the circumgalactic medium (CGM), where the com-
plex dynamics of high-redshift inflows mix with feedback-
driven outflows.
In Figure 2 we show surface brightness maps for a
collection of nine LAHs ordered by star-formation rate
at z = 3, including the two LAHs from Figure 1. The
three colored contours all trace a surface brightness of
10−19 erg/s/cm2/arcsec2, differentiating between the observ-
able flux (i.e. from processed photons; blue), intrinsic emis-
sion (red), and intrinsic emission due to star-formation alone
(yellow).
Broadly, the Lyα scattering process increases the ap-
parent sizes of LAHs beyond that of intrinsic emission. In
some instances, such as the lower right panel, red contoured
regions occur without corresponding yellow contours, indi-
cating emission without the presence of star-formation in
filamentary structures. We note that the surface bright-
ness distributions of the scattered Lyα photons are sig-
nificantly smoother and isotropic than the more complex
structure of the underlying density field. Qualitatively this
is compatible with the low eccentricities found for LAHs
in observations (Wisotzki et al. 2016). At distances beyond
& 20 pkpc from the central galaxies, LAHs become increas-
ingly anisotropic, due to the combination of satellite galaxies
(for the more massive halos) and anisotropic gas inflows.
3.1 Radial Profiles
In Figure 3 we show the radial Lyα surface brightness pro-
files extracted from the same nine intensity maps of Fig-
ure 2. We decompose the total profile (including rescatter-
ing; black) into its contributions from the three emission
sources: star-formation (solid blue), collisional de-excitation
(orange), and recombination (green). For star-formation, we
additionally show the emission neglecting subhalo/satellite
contributions, both intrinsic (dotted blue) and processed
(i.e. scattered, dashed blue).
In general, radial profiles are steep near the center of
the halo and quickly flatten beyond r & 15 pkpc. The inner
regions are dominated by star-formation sourced recombina-
tion, and even at larger radii up to 50 pkpc, star-formation
often remains the dominant contribution while excitations
and recombinations (orange and green lines) reach similar
magnitude. Except for the most massive halos in the upper
row, intrinsic Lyα emission from star-forming regions (blue
dotted line) quickly fades within r . 15 pkpc. At larger
radii, the profiles are shaped by scattered photons. However,
as expected, there are occasional bumps in the profile from
star-formation in satellite galaxies of more massive halos.
At larger radii, profiles are shaped by scattered photons,
highlighting two important effects of the radiative trans-
fer. First, the central surface brightness is severely damped
by photon rescattering (solid vs. dashed blue curves). Sec-
ond, large amounts of those Lyα photons are scattered fur-
ther out, which provides an important contribution of star-
formation to the extended radial profiles even though little
in-situ star-formation may take place at those radii.
Collisional excitations and recombinations become im-
portant at radii r & 20 pkpc for low mass halos, and the typ-
ical surface brightness contribution from collisional excita-
tion exceeds that from recombination by a factor of ∼ 2. The
most massive galaxies more frequently host nearby satellites,
which result in the occasional bumps in the profile from star-
formation in these subhalos.
We move from the case study of individual profiles to a
quantitative exploration of the average predicted LAH pro-
files. In Figure 4 we stack galaxies based on stellar mass
(main panel) and halo mass (lower left panel) at z = 3. We
also show the evolution with redshift from z = 2 to z = 5 in
a fixed stellar mass bin (lower right panel). Profiles always
show the median stacked profile after radial binning, which
we note is not the same as first median stacking the two-
dimensional surface brightness maps. Shaded regions show
the central 68 percentiles. The dashed line in the main panel
indicates the 0.7 arcsec FWHM Gaussian PSF we adopt,
which dominates the smoothing of the radial profiles at small
distances r < 10 pkpc. At larger radii, the surface brightness
rapidly flattens, as we explore below.
In the top panel, stacking surface brightness in stel-
lar mass bins from low-mass galaxies with M? = 108 M to
Milky Way mass systems with M? = 1010.5 M, we see that
Lyα surface brightness increases monotonically, at all radii,
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Figure 3. Radial surface brightness profiles of nine individual Lyman-α halos at z = 3 in TNG50. The objects and plotting order are
the same as in Figure 2. The black solid lines show the total, observable radial profiles extracted from the surface brightness maps of
processed photons. We decompose these profiles into their three physical emission sources, namely namely star-formation (SF; blue),
collisional excitations (coll; orange) and recombinations (rec; green). Generically, the radial profiles drop steeply within . 5 pkpc and
flatten towards larger radii. For star-formation, we also split profiles into intrinsic (processed) photons from the central galaxy only as
dotted (dashed) blue lines, emphasizing the important and non-negligible role of scattering in outer LAHs.
with increasing stellar mass. Despite this strong correlation
between peak surface brightness and stellar mass, the overall
shape of the median radial profiles is largely independent of
the stellar mass. We note that a mass-dependent Lyα pho-
ton escape probability, i.e. due to dust physics, would impact
the trend of overall luminosity and stellar mass, which we
explore further in Section 3.5.
The lower left panel of Figure 4 shows the radial profiles
in three halo mass bins. The central surface brightness of the
Lyα profiles rises as a function of halo mass. In addition, we
more clearly find a change in shape of the radial profiles as a
function of halo mass, whereby flattening begins at smaller
radii for lower mass halos. Considering central galaxy emis-
sion only (dashed lines), we observe that as star-formation
decreases towards lower mass, the luminosity budget avail-
able for rescattering in the halo does likewise. Hence, diffuse
emission outside of the central galaxy becomes dominant at
smaller radii. Equivalently, since the central (or total) lumi-
nosities are lower at lower mass, external emission (i.e. from
other halos) can take over more quickly.
In the lower right panel of Figure 4 we explore the red-
shift evolution of radial profiles in a fixed stellar mass bin
of 8.5 < log (M?/M) < 9.5. Towards higher redshift, the
central surface brightness drops significantly while changes
to the overall shape are minor. Here we also show the ra-
dial profiles of the intrinsic photons (dashed lines), where
Lyα photons are allowed to escape directly to the observer
without scattering, contrasting against the processed emis-
sion (solid lines). The intrinsic central SB luminosities de-
crease much more slowly towards higher redshift, implying
that the photon redistribution due to resonant scattering is
significantly more important at higher redshifts.
3.2 Comparison of TNG50 and MUSE data
In the top panel of Figure 4 we also overplot the median ra-
dial profile from the observational LAH dataset of Leclercq
et al. (2017) for thise objects with redshifts between 2.9 and
3.5. The data set is based on the MUSE Ultra Deep Field
(UDF), which finds extended Lyα emission around 145 of
184 star-forming galaxies at 3 . z . 6 with a median of
z ∼ 3.7. The observed galaxies extend in stellar mass down
to ∼ 107 M with an average stellar mass of M? ∼ 108.5 M
(Boogaard et al. 2018). As a result, the most appropriate
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Figure 4. Overview of the predicted median Lyα surface brightness profiles around TNG50 galaxies, as a function of mass and redshift.
Main panel: Stacked radial profiles for five different stellar mass ranges from M? = 108 M to 1010.5 M, at z = 3. The respective count
of contributing halos to the stack is given in parentheses in the legend. At fixed cosmic time, the central Lyα surface brightness increases
monotonically with stellar mass, roughly as SB(r = 0) ∝ M0.9? . We overplot the median radial profile of 58 observed LAHs at redshifts
between 2.9 and 3.5 presented in Leclercq et al. (2017) from the MUSE UDF (see text for details). Lower left: Stacked radial profiles as
a function of dark matter halo mass, also at z = 3. The solid lines show the observed radial profiles, while the dashed lines only consider
those photon contributions originating from the central halo. Lower right: Redshift evolution of stacked radial profiles for a fixed galaxy
stellar mass bin of 8.5 ≤ log10 (M?/M) ≤ 9.5. At fixed stellar mass, Lyα halos are more luminous towards lower redshift. We contrast
the full radiative transfer result (RT; solid lines) with the intrinsic emission profiles (dashed lines). The scattering which occurs during
the RT lowers the Lyα surface brightness at halo center (. 5 pkpc) while increasing it at larger radii, producing an overall flatter profile.
comparison is against the orange line, where we find a ex-
cellent agreement of the normalization and radial shape of
the surface brightness profile between MUSE and TNG50.
At larger radii r > 20 pkpc the observed stacked profile be-
comes uncertain given the large errorbars, so we cannot
ascertain whether or not the strong flattening we observe
in the TNG50 LAHs is also seen in the data. Additionally,
this flattening is affected by MUSE’s more extended Moffat
PSF (Bacon et al. 2017). The agreement of stacked radial
profiles between observed and simulated samples degrades
toward higher redshifts, particularly z = 5.0. This discrep-
ancy is largely driven by the flattening of the simulated pro-
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files at high redshifts (see bottom right panel) that is not
found in the observed sample.
We note that quantitatively comparing TNG50 to
Lyman-α halo observations has many challenges and sub-
tleties. With respect to the MUSE data of Leclercq et al.
(2017) in particular, although we address the issue of spa-
tial smoothing and the PSF, remaining systematics could
include details of (i) spectral smoothing, resolution, and
the construction of the surface brightness map with a
frequency-space integration; (ii) noise, including relevant
surface brightness limits and sky backgrounds; (iii) the po-
sition chosen as the center of the halo; (iv) the derivation of
galaxy properties, including mass (where SED fitting based
on HST broad-band photometry lacks near-IR points, and
neglecting emission lines including Lyα which can fall into
the F606W filter (Feltre et al. 2020); and (v) sample selec-
tion and selection biases, i.e. choosing appropriate analogs
for comparison to the observed halos and/or matching the
observed galaxy population in general.
Beyond the stacked profile comparison, we also con-
trast individual LAHs as observed in the MUSE UDF to
those from TNG50. Figure 5 shows the 24 radial profiles
from Leclercq et al. (2017) closest in redshift to z = 3 (blue
data points with errorbars). For each, we search for the best
‘match’ from among our catalog of simulated LAHs at that
redshift, and select the single LAH with the minimum least-
squared difference2 which are overplotted (orange).
In general, we are able to find excellent matches to the
observed data, demonstrating that TNG50 can reproduce
the observed diversity and variety of observed LAH pro-
file shapes. For instance, we show good matches for more
compact and more extended objects (e.g. id 2178, id 6521),
and although noise starts dominate at larger radii, we also
find good matches for candidates with very flattened profiles
(e.g. id 1226). The stellar masses of the observed galaxies,
and the stellar mass of the selected TNG50 analog, are both
shown in the legend for reference. For the subsample of ob-
served LAHs for which we have a stellar mass estimate, we
find a mean difference in M?,MUSE/M?,TNG of 0.11 dex with
a standard deviation of 0.43 dex. This indicates that the
simulated LAHs selected as good matches surround galaxies
with comparable stellar masses as the observed systems.
Figure 6 shows a similar comparison of matched LAH
profiles between the MUSE data and TNG50. However, we
now restrict the least-square fit to those values at distances
below r ≤ 2 arcsec, and include the five matches in each
case to highlight the range of predicted large radii behaviour
from simulated profiles. Most of those fits are compatible
with the observed radial profiles and their error-bars at large
radii (see also Song et al. 2020, for fits to L17 SB(r) profiles
using 3D Lyα RT coupled to idealized shell models rather
than cosmological simulations). A notable exception is the
profile of MUSE-id 1281 which has an excess at r ∼ 2 arcsec,
possibly due to the existence of a satellite galaxy.
2 Note that the low surface brightness measurements at large
radii r > 2 ”, have only small weights in the linear least-square fit.
3.3 The Origin and Source of Lyman-alpha Halo
Photons
Although LAHs are observed localized around galaxies and
their dark matter halos, the photons which contribute to
that emission can arise from a number of different origins. In
Figure 7 we show the relative contribution to a stacked Lyα
surface brightness profile, depending on the origin of emis-
sion, for galaxies in the stellar mass bin 8.5 < log (M?/M) <
9.5. We categorize the emission origin of each photon as one
of the four categories previously introduced in Section 2.4.
We find that emission from the central galaxy (blue)
clearly dominates the radial profile below r . 20 pkpc af-
ter which emission originating from other halos but scatter-
ing onto the targeted halo becomes increasingly important.
Above 40 pkpc this ‘other halo’ origin (red) even dominates
the radial profiles. The radial profile from rescattered pho-
tons originating in other halos has a very shallow slope, thus
leading in large part to the flattening of the overall profiles
at larger radii. In particular, we find that the contribution
from other halos is significantly boosted if more massive ha-
los are nearby, an effect we explore more in Section 4.1.2.
Emission originating in the IGM (green) and outside
of the central subhalo (particularly from satellites; orange)
is generally negligible, and never contributes more than a
few percent to the total stacked profile. However, there can
be infrequent radial profiles of individual halos with larger
contributions from IGM and satellites than for the shown
average. We note that the IGM contribution in particular
will depend upon the line-of-sight integration depth.
For higher mass halos (not shown) we find that the emis-
sion from the central subhalo grows more rapidly than any
of the other origins, pushing the observed flattening to larger
radii. Analogously, lower mass halos flatten at smaller radii.
Other halos start to significantly contribute (≥ 10% to the
total stacked profile) at 7, 22 and ≥ 50 pkpc3 for the respec-
tive 1 dex stellar mass binned halos starting at 7.5, 8.5 and
9.5 log (M?/M). There is very little redshift evolution for
these radii from z = 2 to z = 5.
In Figure 8 we similarly decompose the stacked profile
into the relative contributions of different emission sources:
star-formation sourced rescattered photons (blue), colli-
sional excitation (orange), and recombination (green). In
addition to the ‘processed’ signal (solid lines) we also show
the intrinsic emission signal (i.e. ignoring scattering effects;
dashed lines). In both cases we find that star-formation
makes up the bulk of the SB within the central 10 pkpc. At
larger radii however rescattered photons from star-forming
regions drop to a ∼ 50% relative contribution as diffuse col-
lisional excitations and recombinations rise to ∼ 30% and
∼ 20% respectively. These relative fractions, shown here at
z = 3, are similar at other redshifts (not shown).
3.4 Lyman-alpha Halo Sizes
To study the dependence of LAH profiles on galaxy/halo
properties and redshift, we summarize each profile by a char-
acteristic size and surface brightness, as defined in Section
3 In the highest mass bin, the radius lies outside of the 50 pkpc
radius aperture.
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Figure 5. Gallery of observed Lyman-α halos from from the MUSE UDF (blue points with uncertainties; Leclercq et al. 2017), chosen
as the 24 closest to redshift z = 3. Every observed LAH is matched to a simulated halo from TNG50 by choosing the best least-squares
fit profile. All simulated radial profiles are smoothed with a Gaussian 0.7 arcsec FWHM PSF, and overplotted (orange lines). This
demonstrates that the simulation has the diversity and sample statistics to recover excellent matches to all observed halos, and that
TNG50 can successfully reproduce every observed profile, in both normalization and shape, with at least some simulated halo. For each
halo, we include the ID and redshift of the observed MUSE object, as well as its stellar mass estimate if available. We also show the
exponential scale length r0 (in pkpc) fitted to the MUSE data. For the simulated profile we also include its galaxy stellar mass: observed
LAHs and their simulated matches from TNG50 surround galaxies of similar mass.
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Figure 6. Gallery of observed Lyman-α halos from the MUSE UDF (blue points with uncertainties; Leclercq et al. 2017), where here
we show the first 8 LAHs shown from Figure 5. As before, we search for the best matching LAH from TNG50, but now only fit data
points for small radii r < 2 arcsec, and show the best five fits for each profile. As before, we contrast the MUSE stellar mass (if available)
with the stellar mass range of the five simulated profiles, which are shaded from light to dark orange with increasing stellar mass. We
find that although the simulated profiles show object-to-object variances at large distance, in most cases they are consistent with the
observed profile within its errorbars.
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Figure 7. Median stacked radial Lyα profile for galaxies with
stellar masses 8.5 ≤ log10 (M?/M) ≤ 9.5 at z = 3 in TNG50. We
decompose this profile into the photons with differing emission
origins: from the central galaxy (blue), outer halo (orange), the
IGM (green), and other halos (red). At r < 20 pkpc emission
from the central subhalo dominates, beyond which contributions
from other halos start contributing to the overall shape. Beyond
40 pkpc the ‘other halo’ origin is critical and produces the flat-
tening of the profiles towards large radii. The contributions from
emission originating in the outer parts of the halo and the IGM
are negligible.
2.5. Figure 9 shows the Lyα half-light radius r1/2 as a func-
tion of stellar mass across the studied redshift range. We
find that the half-light radii of our LAHs is typically be-
tween 5 and 15 pkpc. There is little correlation with stellar
mass compared with the scatter. Half-light radii are sys-
tematically larger in physical kpc towards higher redshift,
roughly doubling in size from z = 2 to z = 5 across the red-
shift range. This implies a stronger redistribution through
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Figure 8. Median stacked Lyα surface brightness radial profiles
at z = 3 for halos with 8.5 ≤ log10 (M?/M) ≤ 9.5 decomposed into
different emission sources (upper panel), and the relative frac-
tion of each (lower panel) in TNG50. Dashed lines show intrinsic
emission, while solid lines show the processed (i.e. scattered) sig-
nal. Emission from star-forming regions typically dominates the
intrinsic emission up to 10 pkpc after which collisional excita-
tions start to dominate. However, radiative transfer redistributes
this central emission towards the halo outskirts, such that star-
formation remains the dominant source of Lyα emission for ob-
served LAHs at all radii shown.
scatterings into the outskirts of halos at higher redshifts,
which is largely driven by a higher neutral hydrogen density
at those redshifts.
In Figure 10 we show the fitted single exponential scale
length r0. In all panels we impose the noise modeling de-
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Figure 9. The Lyα half-light radius r1/2 as a function of stellar
mass over redshift in TNG50. The colored solid lines show the
median radius and the shaded regions enclose the radii within
the central 68 percentiles. The typical r1/2 size lies between 5
and 15 pkpc, and monotonically increases with redshift, while
being mostly constant over the stellar mass range. For the colored
dashed lines, contributions originating outside of the targeted halo
have been ignored. The difference between solid and dashed lines
therefore indicates an increasing impact of unbound and other
halos’ contributions at low stellar masses.
scribed in Section 2.5, which effectively imposes a sensitivity
limit and induces a lower cut-off mass below which modelled
LAHs show no observable extent. This limit starts to affect
the median at a stellar mass below ∼ 2×108 M (∼ 109 M)
at z = 2 (z = 5), causing the artificial drop-offs at low M?.
Except for this sensitivity limit, there are no clear trends
of r0 with stellar mass. Similarly, no clear redshift evolution
is evident (upper panel). However, when looking at our fidu-
cial stellar mass range of 8.5 ≤ log10 (M?/M) ≤ 9.5 only, we
do find that r0 increases with redshift from 3.4+1.3−0.7 pkpc at
z = 2 to 3.7+1.7−0.9 pkpc (4.0
+1.7
−1.0 pkpc, 5.5
+2.4
−1.6 pkpc) at z = 3
(z = 4, z = 5).
The middle panel of Figure 10 shows the scale radius
as a function of stellar mass at z = 3. Here we decompose
the contribution to LAH size by emission source, by deter-
mining r0 based on each of three respective emission sources
alone (colored lines). The black solid line shows the median
r0 relation combining all three emission sources, as would be
observable. We find that the overall scale radius r0 is largely
determined by the emission from star-formation due to its
high surface brightness. Scale lengths from star-formation
show no correlation with stellar mass, while both collisions
and recombinations do show a strong positive correlation.
Thus, r0 follows the lack of evolution with mass seen in
the star-formation source. In contrast, both diffuse collisions
and recombinations show a strong positive correlation with
mass. For halos between 8.5 ≤ log10 (M?/M) ≤ 9.5 we find
r0 to be 3.7+1.7−0.9 pkpc for the overall profile and 3.1
+1.4
−0.7 pkpc,
8.0+2.8−1.7 pkpc or 9.2
+3.2
−2.0 pkpc for SFR, excitations, recombi-
nations only respectively.
Solid lines indicate processed photons, while the dashed
lines show r0 based on the intrinsic photons only. Not sur-
prisingly, intrinsic photons typically give rise to a smaller
scale length than processed photons. Most importantly, in-
trinsic photons from star-formation give rise to a scale length
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Figure 10. The Lyα single exponential radius r0 as a function of
stellar mass and redshift. The colored solid lines show medians,
while shaded regions indicate the central 68 percentiles. Top: r0
as a function of stellar mass, at four distinct redshifts. There is no
clear trend of r0 with either redshift or stellar mass. Middle: De-
composition of r0 at z = 3.0 (black) into its three emission origins
(SF, coll, rec), for both intrinsic and processed photons. As the
luminosity budget in the proximity of the halos’ center is domi-
nated by star-formation, the latter effectively sets the scale length.
Bottom: r0 versus redshift compared to observational data from
the MUSE UDF (Leclercq et al. 2017). For simulations and obser-
vations, we fit the scale length r0 using the same procedure. We
show three different bins of fixed stellar mass for TNG50 (blue
lines). At fixed stellar mass, LAH sizes are overall larger towards
higher redshift. No clear redshift trend is evident in the obser-
vations which are consistent with no size evolution, although the
galaxy stellar mass distribution as a function of redshift in the
data is uncontrolled (see text for details).
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close to a point-like source convolved with the PSF, while
this value doubles from rescattering in the CGM.
In the bottom panel of Figure 10 we show the explicit
redshift evolution of LAH sizes, from z = 2 to z = 5, and com-
pare the TNG50 result with that of Leclercq et al. (2017).
For the comparison with MUSE, we show simulated halos in
stellar mass bins log10 (M?/M) from 8.0 to 9.5, which over-
lap the observed distribution. At fixed stellar mass, we find
that the median r0 increases towards higher redshift and
the magnitude of this trend is similar to the scatter of r0
at each redshift. For the MUSE UDF observations, we find
3.1+1.0−0.6 pkpc, 2.9
+1.3
−0.5 pkpc and 2.4
+1.2
−0.3 pkpc for the redshift
bins centered at z = 3, z = 4 and z = 5, respectively.
Our face value comparison with the MUSE data im-
plies that LAHs in TNG50 are slightly more spatially ex-
tended than in observations, by roughly a factor of ∼ 1.2
at redshift three, increasing to ∼ 2.3 by redshift five with
a simulated r0 ∼ 5.5 pkpc, the two size distributions being
roughly one standard deviation apart. We caution, however,
that the stellar mass distribution of the observed galaxies
is not fixed as a function of redshift. More massive galax-
ies are more easily observed at higher redshift, and ideally
we would match the joint (M?, z) distribution to make this
comparison. However, remaining methodological differences
likely still dominate the uncertainty in this comparison, as
sizes are not measured in exactly the same way in both the
observational data and TNG50 simulation.
We note that observed sources of Lyα emission have
been characterized by many different sizes ranging from
roughly 2 pkpc to 9 pkpc at z ∼ 3 (Bond et al. 2009; Momose
et al. 2014). This large range of radii hints at the large diver-
sity of different galaxy selection (LBGs/LAEs), functional
fitting forms (single/double exponential) and methodologies
(individual/stacking). We leave a quantitative comparison
of Lyα sizes for future work, and do not try to explicitly
compare LAE sizes to the observational literature here.
3.5 LAH Central Brightness
In addition to the two LAH size measures r1/2 and r0 we also
calculate the central surface brightness SB0. Figure 11 shows
the trend between SB0 and galaxy stellar mass, from z = 2 to
z = 5 (different line colors). We derive this value for both the
intrinsic (dashed lines) and processed photons (solid lines).
For the latter, we shade the central 68% of outcomes in a
given mass bin. Additionally, we show the results from the
MUSE UDF data set (circles), colored to match the nearest
simulated redshift for comparison.
First, we see a strong correlation of the peak LAH
brightness with galaxy stellar mass. This trend was previ-
ously noted in Figure 4 for the simulated halos. Over four or-
ders of magnitude in stellar mass, the central surface bright-
ness value increases by roughly two orders of magnitude. The
evolution of SB0 as a function of redshift is minimal for in-
trinsic photons. Rather, processed photons show a strong
redshift evolution which scales roughly as the (1 + z)4 cos-
mological dimming factor.
In comparison to the clear correlation in the simula-
tions, the MUSE data does not show such a strong relation-
ship between central surface brightness and either stellar
mass or redshift. Although the SB0 values are in reasonable
agreement where the bulk of the observed systems reside,
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Figure 11. The central surface brightness SB0 as a function of
stellar mass across the studied redshift range in TNG50. The solid
lines show the median for the processed photons for a given mass
bin and the shaded region shows the corresponding 68 central per-
centiles. In dashed, we show the median for the intrinsic photons.
The dots show measured MUSE results color coded by simulated
redshift they are closest to. The central surface brightness is a
strong function of galaxy mass both for intrinsic and processed
photons in our TNG50 simulation. There also is significant red-
shift evolution of SB0 for the processed photons, roughly scaling
with (1+z)4. In the MUSE data, we find no significant correlation,
neither with stellar mass nor redshift.
108 < M?/M < 109, the flat trend in the data leads to lower
inferred values at higher stellar masses, when compared to
those in TNG50. This is certainly caused in part by sys-
tematic uncertainties in the observational determinations of
stellar mass, which act to wash out this trend. Even more
importantly, we speculate that this difference arises due to
our omission of a model for unresolved dust attenuation and
stochasticity on the smallest scales, as we discuss below.
4 DISCUSSION
4.1 The Shape and Nature of Lyman-alpha Halos
Based on our results we now discuss the implications for
the shape and nature of Lyman-α halos. In particular, is
there a typical shape for LAH radial profiles, is there a
common cause for this shape, and what is the resulting in-
terpretation of the observations? In Section 4.1.1, we focus
on ‘small’ scales, of order of ∼ 10 pkpc, where LAHs are
detected around star-forming galaxies. In Section 4.1.2 we
discuss larger scales, and profile flattening, as accessible in
current and future intensity mapping studies.
4.1.1 Lyα Profiles at Small Scales
We have shown that the radial profiles of our simulated
LAHs are primarily shaped through rescattered photons
which originate from star-forming regions in the central
galaxy of a halo on scales around ∼ 10 pkpc. This rescat-
tering gives rise to a smoothing of the surface brightness
maps and radial profiles that is larger than typical PSFs
(0.7 arcsec adopted herein). Beyond this distance median
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radial profiles tend to steepen rapidly before flattening on
scales above ∼ 20 pkpc.
We find typical exponential scale lengths r0 of ∼ 4 pkpc
with little to no correlation with stellar mass. As radial pro-
files are largely dominated by emission from star-formation
on these scales, the typical shape of rescattered photons from
the central galaxy sets this typical r0 and leads to the lack
of correlation with stellar mass. If diffuse emission through
collisions and recombinations were the dominant source of
LAH photons, we would infer much larger scale radii r0 and
a strong correlation with stellar mass with scale lengths
starting at ∼ 5 pkpc growing to ∼ 15 pkpc between 108
and 1010 M. Thus, r0 and its mass dependency can serve
as a discriminator between rescattered photons from star-
forming regions and diffuse emission in observations. This
holds even if the relative importance of the different emis-
sion sources is not precisely correct in our simulations.
Interestingly, as the scale length r0 keep growing toward
higher masses for emission sourced by cooling and the UV
background, high mass halos in TNG50 reach the lower end
of extents observed in LABs. While a future dedicated study
is required, this might strengthen the case of such diffuse
emission sources (without local sources ionizing flux) causing
observed LABs.
In comparison to data, our results for the stacked pro-
files are consistent with MUSE UDF observations presented
in Leclercq et al. (2017). At the level of individual LAH
profiles, we similarly find good agreement, such that there
are numerous analogs in TNG50 which have compatible Lyα
radial profiles. This agreement is noteworthy as we have no
tuned or calibrated parameters in our Lyα modeling.
In the quantitative comparison of r0 for individual LAHs
we find up to a 20% mismatch at z = 3, which grows to a fac-
tor of two at z = 5. Similarly, the central surface brightness
values from Leclercq et al. (2017) show significant scatter
and tend to be below those obtained from TNG50 at the
highest stellar masses. Despite these regimes of tension, the
observations show no clear mass or redshift evolution in ei-
ther r0 or SB0 values, which together with the relatively
small sizes implies that observed LAHs in the MUSE UDF
sample are sourced by star-formation.
Although a rigorous comparison between simulated and
observed LAHs is complicated by several systematic uncer-
tainties, the SB0 and r0 tensions hint at possible shortcom-
ings of our Lyα modeling. In Figure 10 we found that con-
sidering star-formation alone gives the smallest exponential
scale lengths. At z = 3, we found r0 = 3.1+1.4−0.7 pkpc in this
case, which is very similar to the MUSE UDF estimate of
3.1+1.0−0.6 pkpc. The simplest explanation is that we have un-
derestimated the Lyα luminosity from star-forming regions,
or overestimated the Lyα luminosity from other sources.
Further, the strong correlation of SB0 with stellar mass
found in our models is not clearly present in the data. As
we assume a fixed relation between star-formation and Lyα
luminosity this outcome is not surprising, and can be allevi-
ated by developing a more realistic model for the underlying
relation between Lyα and SFR, as discussed in Section 4.2.1.
4.1.2 Lyα Profiles at Large Scales
Although much of our analysis has focused on the inner
regions of LAH profiles, . 20 pkpc, we here consider the
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Figure 12. Radial profiles for halos with 8.5 ≤ log10 (M?/M) ≤
9.5 at z = 3 decomposed into emission origin and extending to
large-scales of 3000 pkpc radii in TNG50. Here we neglect PSF
effects and integrate photon contributions from within ±600 pkpc
of each emitter along the line of sight. The overall profile (solid
black) strongly flattens out as the very flat contribution from
other halos starts to dominate after 40 pkpc. Contributions from
the outer halo (orange) and the IGM (green) are negligible in the
stacked profiles, while nearby neighbors strongly boost the signal
(solid red). To emphasize this environmental effect, we also show
the subsample of 127 (out of 1189) halos that have a more massive
halo, by at least a factor of 10, within 0.5 pMpc (dashed red). The
black dotted line shows the surface brightness based on the global
mean of the luminosity density in the simulation.
general shape of extended Lyα profiles where the impact of
environment reveals itself.
The most prominent feature in the median stacked pro-
files of Figure 4, regardless of stellar mass, is the signifi-
cant ‘flattening’ beyond the inner few 10s of pkpc. In Fig-
ure 12 we take advantage of our global, large-volume RT
calculation and present the radial profiles of halos with
8.5 ≤ log10 (M?/M) ≤ 9.5 out to 3000 pkpc. Here we ne-
glect the PSF, and integrate through ±600 pkpc from the
emitter’s position along the line of sight, which roughly re-
flects the spectral resolution of the HETDEX survey.
We decompose this median surface brightness profile
based on photon origin (different colored lines). For refer-
ence, the expected surface brightness given the average lu-
minosity density in TNG50 is shown with the black dotted
line. We find that the contribution from other halos (solid
red line) is nearly constant with distance and reaches down
to roughly match the mean global. This ‘other halo’ contri-
bution starts to dominate the surface brightness profile be-
yond 100 pkpc by a factor of more than 10. To emphasize this
environmental effect, we also show a stack of the subsample
of halos that have a close (≤ 0.5 pMpc) massive neighboring
halo, by a factor of ten or more, as the red dashed line. For
those galaxies there is an elevated plateau above the global
mean that only starts to drop around 100 pkpc.
This behavior is a proximity effect whereby very mas-
sive nearby halos give rise to an effectively elevated back-
ground. As a result, emission from star-formation from mas-
sive neighbors to dominate the observed radial profiles over
diffuse emission from the outer halo and the IGM (see also
Zheng et al. 2011, who found a similar effect in simulations
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which neglected diffuse emission). We note that modeling
of this proximity effect remains tricky: off-scattered photons
in a targeted halo originating in a neighboring halo could
potentially not be modeled by a classic 2-halo term as this
would merely capture the overlap between different halos’
profiles. Here – in addition to the possible overlap of profiles
– we have Lyα photons freely traveling through the IGM to
a neighboring halo at which point scatterings will trace out
part of the targeted halo.
Our findings qualitatively compatible with stacking re-
sults by Matsuda et al. (2012) showing a strong correlation
of the flattening in the overdense regions. However, while
more recent Lyα intensity mapping results at z = 5.7 and
6.6 by Kakuma et al. (2019) found reasonable agreement
with the MUSE stacking (see also Matthee et al. 2020) and
the simulated profiles of Zheng et al. (2011) on small scales
(r < 150 ckpc), they cannot confirm the proximity effect and
flattening found here. We note a further complication, that
this flattening could be removed in large part or entirely in
narrow-band surveys due to the required background sub-
traction. However, a careful examination of upcoming data
could reveal this proximity effect, particularly by stacking
based on the presence of massive neighbor number or envi-
ronmental density.
4.2 Current Limitations and Future Outlook
4.2.1 Model Limitations
Our results depend inseparably on the outcome of the un-
derlying cosmological simulation as well as our Lyα radiative
transfer post-processing, inheriting limitations from each.
The basis of our Lyα calculations is the TNG galaxy forma-
tion model (Weinberger et al. 2017; Pillepich et al. 2018a)
and the TNG50 simulation in particular. Although the TNG
model has been shown to reproduce a large variety of galaxy
and CGM properties in broad agreement with observations
(see Section 2.1), it does not treat on-the-fly radiation, as
is now increasingly possible for individual zoom simulations
(e.g. Mitchell et al. 2020). As a result, our knowledge of the
gas ionization state is limited. In particular, we do not fully
consider the impact of local radiation sources – both stars
and AGN – on the thermal and ionization properties of ISM
and CGM gas, which will modify the subsequent emission
and propagation of Lyα photons. Future radiation hydrody-
namical simulations will improve upon this aspect.
In addition, the TNG50 simulation has a resolution of ∼
100 pc in the dense interstellar medium, which is furthermore
modeled with an effective two-phase model. As above, this
implies that a number of approximations and simplifications
must be adopted in both the emission and transport of Lyα
(see Section 2.3). Importantly, in the present work, we have
adopted a simple mapping from the star-formation rate of a
gas cell to its Lyα emissivity. We have also neglected dust
in its entirety, as well as sub-resolution (unresolved) density
structure during the radiative transfer step.
In observations there is a large scatter between the star-
formation rate inferred from Lyα luminosity compared to
UV based estimates (Santos et al. 2020; Runnholm et al.
2020). Typically, the median SFR estimate from Lyα ex-
ceeds that from UV measurements below ∼ 10 M/yr, but
decreases above this value. This systematic trend implies a
larger suppression of Lyα escape for emitters with higher
SFR and stellar mass. In addition, there is non-negligible
scatter between individual objects with similar properties.
It is thought that Lyα emission traces the most recent star-
formation (Santos et al. 2020), which could be highly time
variable, and is modified by the complex small-scale neutral
hydrogen distribution and kinematics (Blanc et al. 2011).
In our simulations we have instead assumed a strict pro-
portionality between Lyα luminosity and SFR at the reso-
lution scale, as given by Equation (1). We find that subse-
quent scattering only adds minor scatter to this correlation,
implying that sub-resolution stochasticity may be required.
As discussed in Section 4.1.1, we tend to slightly overesti-
mate the r0 metric of LAH sizes in comparison to the MUSE
UDF sample, and generally find strong trends of both r0 and
SB0 with stellar mass, which are less clear in the data. We
suspect that adopting an observationally motivated scatter
between Lyα luminosity and UV inferred SFR would also
alleviate the tensions noted in the central surface bright-
ness SB0 trends between our simulations and the data. We
ran a simple test to test the impact of including a naive dust
treatment (Appendix A4), which demonstrates that the cen-
tral brightness SB0 is increasingly attenuated towards higher
stellar masses, as dust counters the generally higher SFRs
and thus Lyα luminosities of those halos.
While subgrid modeling and dust, along with intrinsic
scatter between Lyα luminosity and SFR, should help recon-
cile SB0, we additionally require the mean Lyα luminosity
from star-formation to increase in order to obtain smaller
LAH sizes. For the typical objects considered as LAH can-
didates with 8.5 ≤ log10 (M?/M) ≤ 9.5 here, Santos et al.
(2020) find SFRLyα/SFRUV ∼ 2 for SFR < 10 M/yr with
significant scatter. Adjusting the proportionality factor in
Equation (1) along with the addition of empirically reason-
able stochasticity might thus simultaneously diminish ten-
sions of SB0 and r0.
4.2.2 Future Directions
An important improvement for future Lyα radiative trans-
fer modeling in large-scale cosmological simulations such as
TNG50 will be a treatment of complexities below the res-
olution scale (∼ 100 pc). Such a model could either im-
plement explicit numerical subgrid models (Hansen & Oh
2006; Gronke et al. 2017) and retain our current principle of
a parameter-untuned model. Alternatively, we could adopt
an effective parameter-based model, incorporating observa-
tional findings to motivate Lyα production and escape frac-
tions from star-forming regions.
In future work we will also use our coupling of
voroILTIS and TNG50 to examine two key areas: envi-
ronmental imprints on large-scale observations, and the in-
formation content of the spectral dimension. We found a sig-
nificant redistribution of photons from star-forming regions
to large scales (& 100 kpc) which might affect the interpre-
tation of Lyα intensity mapping experiments. Furthermore,
spectral modeling of Lyα emission in cosmological volumes
remains challenging given its multi-scale nature (Byrohl &
Gronke 2020; Song et al. 2020). However, detailed and spa-
tially resolved spectral information on Lyα-halos is increas-
ingly becoming available (Claeyssens et al. 2019; Leclercq
et al. 2020), and promises to offer significant insight into the
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kinematics and small-scale structure of hydrogen gas in the
CGM of dark matter halos across cosmic time.
Finally, we have here focused on lower mass star-
forming galaxies with Mhalo < 1012 M. Above this thresh-
old, the AGN in more massive galaxies are known to have a
significant impact on the ionization state of the CGM and
the Lyα scattering processes occurring therein. Our current
radiative transfer methodology does not account for local
radiation fields from AGN, but this is a natural extension of
voroILTIS which will allow us to compare to the many rich
observational data sets of Lyα emission around quasars.
5 CONCLUSIONS
In this paper we develop a technique to perform full radia-
tive transfer calculations to trace resonantly scattered Lyα
emission, and the Lyα halos (LAHs) around galaxies, at
2 < z < 5. We do so by post-processing the TNG50 cos-
mological magnetohydrodynamical simulation (Nelson et al.
2019b; Pillepich et al. 2019) of the IllustrisTNG project.
This large volume offers a powerful statistical sample of
thousands of LAHs, together with a high resolution of or-
der 100 physical parcsecs in the dense interstellar medium.
Furthermore, our new radiative transfer code voroILTIS
(Behrens & Byrohl, in prep) operates natively on the global
Voronoi tessellation of the TNG simulation volume, incorpo-
rates both diffuse and galaxy emission, and self-consistently
accounts for attenuation within the intergalactic medium.
This allows us to carry out a detailed investigation into
the origins, physical properties, and emission sources which
shape Lyman-α halos. At the same time, the realism of the
underlying TNG50 simulation enables us to make quantita-
tive connections between LAH and galaxy properties. Our
main findings are:
• Star-forming galaxies with 107 < M?/M < 1010.5 at
2 < z < 5 emitting Lyα photons are surrounded by extended
Lyman-alpha halos (LAHs). We present the stacked, median
predictions for TNG50 LAHs as a function of galaxy mass
and redshift. The radial surface brightness profiles of LAHs
have a characteristic shape comprised of a rapid, exponential
decline followed by a large-distance flattening. This flatten-
ing arises from the density structure probed by rescattering
photons as well as in-situ diffuse emission.
• Scattered photons from star-forming regions are the
dominant contributor to LAH profiles on typically observed
scales r . 20 pkpc. Given the importance of scattered pho-
tons, we stress the need to use radiative transfer simula-
tions or semi-analytic expressions capturing such behavior.
At larger distances, contributions from diffuse emission via
recombinations and de-excitations become equally impor-
tant.
• On larger scales r & 40 pkpc we find that the flattening
of LAH profiles is actually dominated by rescattered photons
which originate from other nearby massive halos, rather than
the primary halo itself. This proximity effect is boosted in
high density environments, and should be observable.
• Characterizing LAH sizes, we find that their half-light
radii r1/2 are of order 5 pkpc at z = 2, increasing to
∼ 15 pkpc at z = 5. This signposts a significant redistri-
bution of photons due to higher neutral hydrogen densities
at higher redshifts. The exponential scale lengths r0 also
increase slightly towards higher redshift for galaxy stellar
masses of 8.5 ≤ log10 (M?/M) ≤ 9.5. Neither r1/2 and r0
show clear trends with mass. In contrast, our fiducial model
shows a strong positive correlation of the central surface
brightness SB0 with both stellar mass and redshift.
• We compare the stacked, median LAH radial pro-
file between TNG50 and data for galaxies with 8.5 ≤
log10 (M?/M) ≤ 9.5 from the MUSE UDF and find good
qualitative agreement. We also demonstrate, by finding sta-
tistically consistent simulated analogs for individual ob-
served profiles, that the simulation successfully reproduces
the diversity of observed LAHs.
• For the quantitative comparison to observational results
of LAH sizes as measured by half-light radii r1/2 and expo-
nential scale lengths r0, we find agreement at the level of
∼ 20% at z = 3, with the r0 ∼ 4 pkpc of our simulated
profiles slightly above those of the MUSE UDF data set
(r0 ∼ 3 pkpc). This difference increases with redshift, to a
factor of two at z = 5. Similarly, we find that the central
surface brightness SB0 of LAHs is in good agreement at
low stellar mass, but becomes progressively worse towards
higher M?. Both tensions arise because LAH properties tend
to correlate strongly with both galaxy mass and redshift in
the simulations, but less so in the data. We attribute this
behavior to a number of simplifying assumptions in our Lyα
modeling, and discuss future improvements.
The extended Lyα emission around galaxies and quasars
at z > 2 provides an insightful window into many aspects of
galaxy formation and evolution. Here we have demonstrated
the power of coupling a large-volume cosmological hydro-
dynamical simulation with a global Lyα radiative transfer
modeling. Future improvements in our treatment of unre-
solved small-scale gas structure and local radiation fields
from AGN will enable interpretation of additional datasets
and upcoming surveys, from large-scale intensity mapping
experiments to highly detailed, spectral data from targeted
IFU surveys.
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the TNG50 simulation will also be made public in the future.
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) ∈ [8.5, 9.5] at
different resolution runs of TNG50. TNG50-1 has a mass reso-
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eight for each lower resolution run. Only star-formation is con-
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for the profiles after radiative transfer. The shaded regions show
the 16th to 84th percentiles. Differences between resolution levels
are generally minor.
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APPENDIX A: MODELING ASSUMPTIONS
In this appendix, we assess various modeling assumptions
along with numerical convergence convergence of our results.
We focus on the star-formation emission source only, and
derive radial profiles neglecting rescattered light from other
halos, as we limit ourselves to resimulating halos with stellar
masses 8.5 ≤ log10 (M?/M) ≤ 9.5 where possible.
A1 Hydrodynamic Resolution
In Figure A1 we show the Lyα surface brightness radial pro-
files at different hydrodynamical resolutions of TNG50 runs
stacked at fixed stellar mass log (M?/M) ∈ [8.5, 9.5]. Over-
all, we find the stacked profiles to be very robust over the
different resolution levels shown. For fixed stellar bins, we
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Figure A2. Median stacked Lyα surface brightness radial pro-
files (solid lines) at z = 3 in TNG50 for a fixed stellar mass
8.5 ≤ log10 (M?/M) ≤ 9.5 for 1 (fiducial, blue) and 10 Monte
Carlo photon packages per star-forming cell (orange). To show the
largest possible discrepancy, we also include the least-converged
individual radial profile (dashed lines), which also demonstrates
near perfect convergence in ncount. Our results are clearly insensi-
tive to this parameter.
find the intrinsic emission to slightly expand with increas-
ing resolution. For the processed photons, there is a slight
flattening of the stacked profiles between 10 and 20 pkpc.
Despite this the inferred r0 values are effectively invari-
ant with changing resolution: we find 3.1+1.4−0.6 pkpc (TNG50-
1), 3.0+1.3−0.7 pkpc (TNG50-2), 2.7
+1.2
−0.5 pkpc (TNG50-3) and
3.0+0.8−0.5 pkpc (TNG50-4). However, there appears to be a de-
crease in the scatter, which may reflect the simpler density
structure at lower resolution.
The resolution dependency appears to be significantly
smaller than that in Zheng et al. (2011). We note that even
the lowest resolution run presented here has a higher reso-
lution than that study in the proximity of halos.
A2 Photon Package Count
In our fiducial runs, we spawn one photon package per
Voronoi cell and emission source (star-forming region). Par-
ticularly for photons originating from central star-forming
regions, there might be a convergence issue given the large
volumes that are to be traced out at larger radii. We thus
focus on convergence checks for the photon package count
from star-forming regions.
In Figure A2 we show the radial profiles with varying
ncount of initial photon packages. The median stacked profiles
(solid) are already fully converged at our fiducial choice of
nphotons = 1. As the most stringent test, we also plot the ra-
dial profile of the single halo with the largest sum of squared
errors between both these two test runs – the least converged
individual profile. In this case we also find only minuscule
deviations confirming that our choice of the photon count
leads to a well converged result.
We note that for halos with stellar masses between
8.5 ≤ log10 (M?/M) ≤ 9.5, our fiducial setup spawns ∼ 35000
intrinsic photons: the intrinsically high resolution of TNG50-
1 gives us already sufficient sampling.
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Figure A3. Median stacked Lyα surface brightness radial pro-
files (solid lines) at z = 3 in TNG50 for a fixed halo mass bin of
log (Mh/M) ∈ [10.5, 11.0]. Here we contrast four different input
photon wavelength offsets. In our fiducial model, photons are in-
jected at the line-center within the rest-frame of the respective
star-forming cell, indicated here as an offset of ∆ = 0 km/s from
the line center (blue). Three non-zero offsets of ∆ = 100 km/s (or-
ange), ∆ = 200 km/s (green) and ∆ = 500 km/s (red) are shown,
where the shaded regions enclose the central 68 % of SB(r) at fixed
r. We find little difference in the resultant LAH profiles between
the different input spectra choices (∆), except for the unrealisti-
cally large case of 500 km/s.
A3 Input Spectrum
In our fiducial model, photons are injected at the Lyα line-
center in the rest-frame of the respective hydrodynamic cell.
For diffuse emission, Equations (2)/(3), this is a fair assump-
tion given that optical depths are moderate, although sub-
grid clumpiness would add complexity. However, in dense
star-forming cells radiative transfer is significantly more
complex due to small-scale dust, clumpiness, and ionization.
Our radiative transfer simulations do not self-consistently
capture these details. While attenuation on these scales only
changes the overall radial profile normalization, the spectral
shape of emitted photons might have an effect on the radial
profile shape itself.
As shown in similar cosmological simulations by Byrohl
et al. (2019), Lyα spectra often appear to have too much
flux at wavelength larger than the line-center (too ‘blue’)
compared to observations. We thus consider an additional
redshift for the injected photons, which naturally leads to
a more realistic ‘red’ spectrum. In Figure A3 we show the
results of radiative transfer simulations where the redshift ∆
from the line center has been varied between 0 km/s (fidu-
cial model) and 500 km/s, considering emission from star-
formation only. The corresponding intrinsic (dashed) and
emergent (solid) Lyα spectra are shown in Figure A4.
We find that the choice of ∆ has virtually no impact,
except for the unrealistically high offset of 500 km/s. We
recover sizes of 3.1+1.4−0.7 pkpc (∆ = 0 km/s), 3.1
+1.4
−0.7 pkpc (∆ =
100 km/s), 3.0+1.4−0.7 pkpc (∆ = 200 km/s) and 2.5
+1.0
−0.4 pkpc
(∆ = 500 km/s) for halos with 8.5 ≤ log10 (M?/M) ≤ 9.5.
For large ∆ the scale length r0 decreases as less scatterings
occur given the lower cross-section in the Lyα line profile
wings, while interaction with the IGM also decreases as this
is mostly driven by blue photons. Although the frequency
distribution at injection will be important for future studies,
it is not crucial for our study of LAH profiles.
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Figure A4. The mean stacked Lyα flux spectra at z = 3 for a
fixed halo mass log (Mh/M) ∈ [10.5, 11.0] in TNG50 for a varied
injected photon wavelength offset ∆λ from the Lyα line-center,
integrating within a 3 arcsecond radius aperture. Dashed lines
show the intrinsic photon frequency distributions, while solid lines
show the emergent (processed) spectra. This corresponds to the
same sample for which we show the stacked profiles in Figure A3.
0 10 20 30 40 50
r [pkpc]
10 21
10 20
10 19
10 18
10 17
10 16
10 15
SB
 [e
rg
/s
/c
m
2 /a
rc
se
c2
]
no dust
dust
8.5 log(M * /M ) 9.5
9.5 log(M * /M ) 10.5
10.5 log(M * /M ) 11.5
Figure A5. Median stacked Lyα surface brightness radial profiles
in various stellar mass bins at z = 3 in TNG50. In this plot, we
only consider contributions from star-forming regions, where the
impact from dust is most severe. We show the results with (dashed
lines) and without (solid lines) dust modeling. We generally find
a significant suppression of flux that significantly increases for
higher stellar mass halos.
A4 Dust
In our fiducial model we have neglected dust. We expect that
dust will primarily produce an ‘unresolved escape fraction’
which modulates the overall normalization of the radial pro-
files. As dust content is related to gas-phase metallicity and
galaxy mass, the impact of dust could alter the strength of
trends of LAH properties with mass, and be particularly im-
portant at higher galaxy masses. In this section, we explore
the outcome of an additional radiative transfer run which
includes a simple dust model. We still neglect clumpiness,
such that dust is smooth at the resolution scale of the sim-
ulation. Overall it is this lack of small-scale modeling which
has encouraged us to be cautious, omitting the uncertainty
of dust in our fiducial model, and so in the main body of
this work. Here, we use the model for Milky Way like dust
(Weingartner & Draine 2001) as implemented in Behrens
et al. (2019), which relies on the metallicity field in TNG50.
In Figure A5 we show the impact of dust in our simu-
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lations at z = 3 for emission from star-formation only. We
contrast LAH radial profiles between the fiducial dust-free
case (solid lines) and the dust included model (dashed lines).
Our findings on the impact of dust are similar to those in
Laursen et al. (2009). In particular, surface brightness is
increasingly suppressed in overdense, dusty regions. In ad-
dition, regions of lower density are uniformly suppressed as
dust limits the escaping (and then rescattering) contribu-
tions from star-forming regions.
The inner . 10 pkpc are particularly suppressed, de-
creasing the central surface brightness values and thus in-
creasing the exponential scale lengths. For the scale lengths
of halos with 8.5 ≤ log10 (M?/M) ≤ 9.5, we find an average
r0 ' 3.1+1.4−0.7 pkpc without dust and 5.1+2.4−1.2 pkpc with dust.
Both the median scale length and its variance within the
sample increase with dust. The increase in scale length with
this dust modeling is even larger when incorporating other
emission sources, as they become relatively more important
(see Section 3). It is clear that future models will need to
include at least a basic dust model.
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